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Abstract. - Cosmine is a combination of tissues (enamel, dentine, and bone) and a structure (pore-canal system) 
not found in living vertebrates. Long considered a synapomorphy of sarcopterygians (lobe-finned fishes), new 
discoveries and phylogenetic interpretations have shown that the assembly of cosmine is a deeper evolutionary 
event than previously thought and that cosmine constitutes a primitive feature of osteichthyans (bony fishes). 
A precursor of both cosmine and ganoine might have been present in the last common ancestor of sarcoptery¬ 
gians and actinopterygians (ray-finned fishes). However, despite numerous and thorough studies on cosmine 
since the late 19™ century, its role and biological properties are still a mystery. Currently, the most consensual 
hypothesis considers cosmine as a metabolic regulator of mineral ions through intricated processes of deposi¬ 
tion and resorption of dermal tissues. A new ontogenetic and phylogenetic scenario is emerging from microto- 
mographic data revealing that a pore-canal system initially associated with multiple superimposed odontodes in 
stem osteichthyans and early sarcopterygians was reorganized and simplified in rhipidistians into a uniform cos¬ 
mine sheet with a single layer of enamel overlying the dentine (eucosmine). In this review, I will summarize the 
current knowledge of cosmine origins, structure, development, and possible function based on previous research. 
I will also present new histological data on poorly known early sarcopterygians to highlight the importance of 
histological studies for upcoming analyses of sarcopterygian interrelationships. Future efforts to unravel the evo¬ 
lution of cosmine will need new virtual and three-dimensional approaches to paleohistology that will change our 
current framework of studying early vertebrate evolution and certainly revolutionize our understanding of this 
distinctive feature. 


Resume. - La cosmine : origines, biologie et implications phylogenetiques chez les sarcopterygiens. 

La cosmine est une combinaison de tissus (email, dentine et os) et de structure (un systeme de pores et 
de canaux) sans equivalent parmi les vertebres actuels. Longtemps consideree comme une synapomorphie des 
sarcopterygiens (poissons a nageoires chamues), de nouvelles decouvertes et interpretations phylogenetiques 
ont montre que la mise en place de la cosmine est un phenomene evolutif plus ancien que Lon ne croyait et qui 
constitue une caracteristique commune et primitive pour T ensemble des osteichtyens (poissons osseux). Les pre- 
curseurs de la cosmine et de la ganoine seraient deja presents chez l’ancetre commun des sarcopterygiens et des 
actinopterygiens (poisons a nageoires rayonnees). Cependant, malgre de nombreuses etudes paleoichtyologiques 
depuis la fin du xix e siecle, le role et les proprietes biologiques de la cosmine demeurent un mystere. L’hypo- 
these la plus consensuelle donne a la cosmine un role metabolique dans la gestion des ions mineraux a travers 
le depot et la resorption des tissus dermiques la constituant. L’avenement des techniques de microtomographie 
et de modelisation virtuelle en 3D permettent desormais de commencer a proposer un scenario ontogenetique et 
phylogenetique de la formation et Revolution de la cosmine chez les osteichtyens, depuis un stade primitif ou de 
nombreux odontodes superposes s’associaient a un systeme de pores et de canaux chez les premiers osteichtyens, 
vers une cosmine plus uniforme formee par une seule couche d’email recouvrant la dentine (eucosmine) chez les 
sarcopterygiens rhipidistiens. Dans cet article de revision, je resumerai l’ensemble des connaissances actuelles 
sur les origines, la structure, le developpement et les possibles fonctions de la cosmine tirees des etudes passees. 
Je presenterai egalement de nouvelles donnees histologiques de certains sarcopterygiens anciens meconnus afin 
de mettre en evidence l’importance des etudes histologiques pour les futurs travaux s’interessant a la phyloge- 
nie des sarcopterygiens. Desormais, toute etude s’attaquant a l’origine evolutive de la cosmine necessitera des 
nouvelles approches de reconstruction virtuelles, qui sont amenees a revolutionner notre cadre d’etude sur les 
vertebres anciens, afin de percer les mysteres de cette structure singuliere. 


Cosmine is one of the most puzzling histological features 
of early vertebrates. The term “kosmine” was introduced by 
Williamson (1849) to describe the vascular dentine layer of 
the scales of Lepidotes and ‘palaeoniscoid’ actinopterygians 
(ray-finned fishes) and early sarcopterygians (lobe-finned 
fishes), as opposed to dentine as present in the teeth. Later, 
Goodrich (1907) restricted the “cosmine” to the scales of 
sarcopterygians and he used it to characterize the dentine 


present in the newly coined term “cosmoid scale” of sar¬ 
copterygians when associated with a thin enamel layer and 
a pore-canal system pervading the dentine. The studies 
of Gross (1956) and 0rvig (1969a) established the current 
definition of the so-called “true” cosmine (eucosmine) as a 
combination of dermal tissues composed of a single layer 
of enamel and dentine incorporating a well-developed pore- 
canal system overlying a vascular bone layer (Sire et al. t 
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Table I. - Definitions of the main terms used throughout this review to describe the tissues and structures related to cosmine in osteichthy- 
ans. Terminology and homologies mainly after Gross, 1956; Janvier, 1996; Sire et al., 2009; Schultze, 2015; Qu etal., 2016. 


Enamel 

Enamel is a highly mineralized, prismatic, avascular and acellular dermal product found in the outer layer 
of the teeth, dermal bones, scales, and fin rays of vertebrates. Enamel is unique in being the only non- 
collagenous mineralized vertebrate skeletal component, both odontogenic and skeletogenic .Enamel formation 
(amelogenesis) consists of two phases: deposition of an organic matrix by ameloblasts and its subsequent 
mineralization during which organic products are completely removed. Enamel is a synapomorphy of 
osteichthyans; it probably originated on the scales of early osteichthyans (like Andreolepis) and subsequently 
expanded across the other components of the dermal skeleton. 

Dentine 

Dentine is the primary tissue of the vertebrate dermal skeleton; like enamel it is both odontogenic and 
skeletogenic. Dentine is a tubular mineralized tissue produced by odontoblasts that generally remain outside 
the mineralized matrix, which is, however, penetrated by odontoblast cell processes ( i.e . dentinal tubules 
radiating from pulp cavities). Dentine is produced in two sequential phases; synthesis and deposition of 
an organic matrix known as predentine followed by its definitive mineralization by hydroxyapatite. In 
osteichthyans, the dentine is of orthodentine type (the cell bodies are located outside the matrix) as opposed 
to mesodentine (osteostracans and certain ‘acanthodians’) and semidentine (‘placoderms’), which retain 
odontocytes within the matrix. 

Spongiosa 

The spongiosa is a highly vascularized, parallel-fibered, pseudo-lamellar bone layer, pierced by numerous 
primary and secondary osteons, and appearing thus as cancellous in certain osteichthyan taxa. When cosmine 
is present, the spongiosa is located immediately under the dentine layer, the vascular canals ( cross canals) of 
the spongiosa merging with the horizontal canals ( mesh canals) of the dentine. However, in the absence of 
cosmine, the exposed zones of the spongiosa are denser and less vascularized than the deeper regions. Bony 
tubercles and ridges ornamenting the scales in certain sarcopterygians are also considered to belong to the 
spongiosa as a sculptured external surface. 

Isopedine 

The isopedine is a layer of lamellar bone with a plywood-like arrangement of the collagen plies found in 
the basal portion of the scales of early osteichthyans. The collagen plies can show two types of orientation: 
orthogonal (as in the ‘osteolepiform’ Osteolepis) or twisted (as in the extant coelacanth Latimeria) (Meunier, 
1984). Vascular canals can be found in the isopedine, although few in number; certain can open to the 
exterior through pores. The isopedine forms the internal surface of the scale. Its thickness and mineralization 
state can be variable. 

Cosmine 

Cosmine is not a tissue, but a combination of tissues that develops only in the exposed area of the dermal 
bones, scales and fin rays of osteichthyans [i.e. in the interface between dermis and epidermis). In its broader 
sense, cosmine consists of the association between a layer of enamel overlying a layer of dentine (i.e. an 
odontode) that contains a characteristic and complex pore-canal network (developed between and around 
the odontodes). The pore-canal complex can be associated either with multiple odontodes (as primitively 
present in stem osteichthyans like Psarolepis and actinopterygians like Meemannia) or with a single layer of 
odontodes (as in rhipidistian sarcopterygians). The vertical canals of the dentine form flask-shaped cavities 
that open to the surface through pores in the enamel. The whole system is closely connected to an underlying 
layer of dermal bone ( spongiosa ) through vascular canals (cross canals) contacting the horizontal canals 
(mesh canals) of the dentine. 

Eucosmine 

Eucosmine is introduced here to describe the cosmine arrangement present in rhipidistian sarcopterygians. 
It corresponds to the “true” cosmine (e.g. Sire et al., 2009) and allows the description of the structure 
with a single, more conveying word. Eucosmine is characterized by a single layer of enamel overlying 
a uniform layer of dentine with a well-developed pore-canal system pervading both the dentine and the 
spongiosa underneath. Each odontode shows a one-to-one relationship with a pore-cavity, as opposed to the 
multiodontode type of cosmine present in other sarcopterygians (e.g. Styloichthys). Previous generations 
of odontodes are no longer associated with the pore-canal complex and are found buried in the spongiosa. 
The uniform layer of eucosmine and the presence of buried odontodes hints towards the occurrence of 
complicated processes of resorption and deposition of eucosmine that are still incompletely understood. 

Ganoine 

Ganoine is a shiny, acellular, non-collagenous, hypermineralized tissue of epidermal origin ornamented with 
microtubercles. The organic matrix of ganoine is deposited by ameloblasts and is structurally comparable to 
enamel, thus making both tissues homologous; the sole distinctive trait being the multi-layered arrangement 
of ganoine. Ganoine occurs in the ganoid scales of actinopterygians, either associated with an underlying 
layer of dentine (palaeoniscoid scale of early actinopterygians and extant polypterids) or contacting directly 
the basal bony layer (lepisosteid scale of gars). 
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Table I. - Continued. 


Pore cavity 

The pore cavities of the cosmine pervade the dentine and open to the surface through pores in the enamel 
layer. Pore cavities are usually flask-shaped, with a narrow neck close to the pore and a broad base, although 
certain degree of shape plasticity is known (Fig. 2). The base is incorporated to the mesh canals of the 
dentine. 

Mesh canal 

The mesh canals (or dentinal canals) form a series of horizontal connections between pore cavities in the 
dentine. The mesh canal network runs parallel to the limit between the dentine and the spongiosa and forms 
the pore-canal system of the cosmine. In certain ‘osteolepiforms’, the mesh canals may communicate with 
an underlying extension, that can have a bulged shape (basal extension) or form a system of lower mesh 
canals, parallel to the overlying mesh canals (Fig. 2). 

Cross canal 

The cross canals (or vascular canals) pervade the upper portion of the spongiosa. The cross canal network 
connects with the mesh canals (or with the basal extensions) through small vertical canals located under the 
pore cavities and with the pulp cavities of the dentine from which dentinal tubules spread. The extension of 
the cross canal complex through the spongiosa is variable, depending on its thickness. 


2009) (Tab. I). Cosmine is thus not simply considered as a 
single tissue, but as a combination of tissues (enamel, den¬ 
tine, and bone) and a structure (pore-canal system). 

No living vertebrate bears cosmine and, therefore, the 
study of its biology (formation, resorption process, function, 
etc.) is one of the most intriguing and exciting questions in 
early vertebrate palaeontology (e.g. Thomson, 1975; Janvier, 
1996). Cosmine is found as a covering of the dermal bones 
and scales of Paleozoic sarcopterygians and it has been gen¬ 
erally considered a strongly supported synapomorphy of 
Sarcopterygii (e.g. Rosen el al., 1981; Meinke, 1984; Clouti¬ 
er and Ahlberg, 1996; Friedman and Brazeau, 2010), but its 
absence in many sarcopterygian taxa indicates multiple and 
convergent losses within the clade (Fig. 1). Previous histo¬ 
logical studies and illustrations on cosmine are known from; 
Megalichthys (Williamson, 1849; Goodrich, 1907; Gross, 
1956; Thomson, 1977; Borgen, 1989), Porolepis, Dipterus, 
Latvius , Osteolepis and ‘osteolepidids’ indet. (Gross, 1956, 
1966), dipnoans indet. (0rvig, 1969a), Dipnorhynchus 
(Thomson and Campbell, 1971), Ectosteorliachis (Thom¬ 
son, 1975), Chirodipterus and Rhinodipterus (Gross, 1956; 
Bemis and Northcutt, 1992), Uranolophus (Campbell and 
Barwick, 1988), Youngolepis, Powichlhys and Diabolepis 
(Chang and Smith. 1992), Cladarosymblema (Fox et al., 
1995), Gogonasus (Long et al., 1997), Styloichthys (Zhu 
et al., 2006, 2010), Meemannia (Zhu et al., 2010; Lu et al., 
2016a), Heimenia (Mondejar-Fernandez and Clement, 2012) 
and Psarolepis (Qu et al., 2013a, 2016). The different mani¬ 
festations of cosmine in sarcopterygians were reviewed by 
Meinke (1984) and hypotheses on cosmine formation and 
possible function were developed by 0rvig (1969a), Thom¬ 
son (1975, 1977), Borgen (1989, 1992), and Bemis and 
Northcutt (1992), among others. 

In dermal bones, cosmine often occurs in large sheets 
that extend over numerous otherwise separate ossifications 
(e.g. individual bones of the skull roof and lower jaws), cov¬ 
ering the sutures between them. In the scales, cosmine occu¬ 
pies the exposed field. Goodrich (1907) defined the cosmoid 


scale as organised in three layers, from dorsal to ventral: a 
thin layer of enamel (or enameloid), a layer of dentine (com¬ 
prising a pore-canal system), and a layer of dermal bone 
composed of a variable-sized layer of vascular bone (spongi- 
osa) and a basal layer of lamellar bone (isopedine) (Tab. I). 
Usually restricted to rhomboid cosmoid scales (Goodrich, 
1907; Francillon-Vieillot et al., 1990; Schultze, 2015), cos¬ 
mine can also be found in other scale morphotypes (e.g. 
among dipnomorphs in the rounded scales of lungfishes like 
Dipterus and the porolepiform Heimenia) (0rvig, 1969b; 
Ahlberg and Trewin, 1995; Mondejar-Fernandez and Cle¬ 
ment, 2012). However, when present, cosmine is generally 
found across the entire squamation of the animal, including 
the trunk and fin bases, despite variations in scale morpho- 
type and size. 

The segmented bony fin rays (lepidotrichia) of cosmine - 
bearing sarcopterygians also possess a cosmine covering. 
However, the occurrence of cosmine (and other odontogenic 
manifestations including enamel and dentine derivatives) is 
restricted to the exposed surface of both scales and lepidot¬ 
richia, thus in the portion of the scales and rays directly con¬ 
tacting the epidermis. The overlapped area of the scales and 
the deeply buried proximal and unjointed portion of the lepi¬ 
dotrichia, which is always covered by the scales in osteich- 
thyans, do not show cosmine (e.g. Jarvik, 1980). The resem¬ 
blance of the small lepidotrichial segments with the trunk 
scales suggests that scales and lepidotrichia share a deep 
homology of their developmental features (e.g. Baudelot, 
1873; Goodrich, 1904; Jarvik, 1959; Schaeffer, 1977; Zyl- 
berberg et al., 2010, 2015). 

Although cosmine is functionally a full constituent of the 
dermal skeleton, it is topographically and, to a great extent, 
developmentally independent of the underlying components 
(Thomson, 1975). However, since cosmine is viewed as a 
combination of tissues and a structure, the formation of cos¬ 
mine does not occur ‘altogether’, but rather represents an 
orchestrated development of enamel, dentine, and vascular 
bone that become intimately bound together. The dermal 
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Figure 1. - Interrelationships and geological time range of selected osteichthyans (histologically surveyed taxa or with important phyloge¬ 
netic implications). Phylogenetic hypothesis after Ahlberg and Johanson, 1998; Johanson and Ahlberg, 2001; Zhu et al., 2001,2006,2009, 
2017; Friedman, 2007; Snitting, 2008; Lu and Zhu, 2010; Coates and Friedman, 2010; Lu et al., 2012, 2017; Choo et al., 2017, among 
others. The dates of origin of clades are hypothetical. Abbreviations: A: Actinopterygii, D: Dipnomorpha, R: Rhipidistia, S: Sarcopterygii, 
T: Tetrapodomorpha. Legends: light grey with large dots: primitive type of cosmine as described in early osteichthyans (presence of large 
pores associated with a variably developed pore-canal system in the dentine and superimposed odontodes); light grey with fine dots: eucos- 
mine (presence of minute pores associated with a pore-canal system in the dentine overlaid by a single layer of enamel); light grey: odon¬ 
togenic derivatives of cosmine: ganoine (in actinopterygians), tubercles solely made of dentine or a combination of enamel and dentine 
(early osteichthyans and sarcopterygians); white: bony ornamentation (absence of odontogenic tissues in the dermoskeleton). 
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bone and odontogenic tissues (enamel and dentine) forming 
the pore-canal system are essentially independent systems 
that are thought to have become juxtaposed, although our 
understanding of the evolutionary stages of this assembly is 
still fragmentary. Nevertheless, this perspective allows inde¬ 
pendent variation of the two systems during ontogeny and 
points toward an evolutionary relationship between early 
manifestations of cosmine and other forms of odontogenic 
ornamentation of the dermal skeleton in early osteichthyans 
(Meinke, 1984). 

Here, I review the current knowledge of the origin, struc¬ 
ture, development and possible function of cosmine based 
on published and new data on the scales and dermal bones 
of osteichthyans. New data and phylogenetic interpretations 
of early osteichthyan fossils have challenged the “classical” 
definition of cosmine, arguing that the term is to become 
obsolete due to the variability of “cosmine-like” manifesta¬ 
tions in taxa such as Meemannia (Lu et al., 2016a), Chei- 
rolepis (Giles et al., 2015a) and Psarolepis (Qu et al., 2013a, 
2016), among other early osteichthyans. I will illustrate the 
difficulties in categorizing cosmine based on these data on 
early sarcopterygians and actinopterygians and the variabil¬ 
ity of cosmine types and derivatives as seen in sarcoptery¬ 
gians. Finally, I will present new histological data on derived 
sarcopterygians that will be helpful for future anatomical 
and phylogenetical studies in addressing new histological 
character combinations and primitive features previously 
unknown in certain clades, highlighting the importance of 
histology for phylogenetic reconstructions. 

MATERIAL AND METHODS 

The main sources of information come from published 
data on the dermoskeleton of Paleozoic early osteichthyans 
and sarcopterygians. New and previously unpublished data 
come from thin sections of fossil sarcopterygians scales from 
the Paleontological Institute of the Academy of Sciences 
(PIN) in Moscow, Russia (kindly provided by Fran£ois Meu- 
nier during the PhD of the author) and from porolepiform 
material from Latvia housed at the Museum fiir Naturkunde 
(MfN) in Berlin, Germany. Paleohistological cross-sections 
of the Russian material were performed by Francois Meu- 
nier at the Universite Pierre et Marie Curie (UPMC) and 
porolepiform scales were sectioned at the Museum national 
d'Histoire naturelle (MNHN) in Paris, France. All cross-sec¬ 
tions were examined under natural transmitted and polarized 
light with a Zeiss Axiovert35 microscope at the UPMC. 

Institutional abbreviations: MfN, Museum fiir 
Naturkunde, Leibniz Institute for Research on Evolution 
and Biodiversity at the Humboldt University, Berlin, Ger¬ 
many; MNHN, Museum national d’Histoire naturelle, Paris, 
France; PIN, Paleontological Institute of the Academy of 


Sciences of Russia, Moscow, Russia; UPMC, Universite 
Pierre et Marie Curie, Paris, France. 

THE EVOLUTIONARY ORIGIN OF COSMINE 

Traditionally, since the studies of Goodrich (1907), the 
squamation of osteichthyans has been divided into two 
scale-types matching the actinopterygian/sarcopterygian 
dichotomy. Actinopterygians were described as possessing 
ganoid scales, which are covered with ganoine, a compos¬ 
ite tissue defined as a multi-layered enamel covering without 
intervening dentine layers and the absence of pore canals or a 
pore-canal network (Richter and Smith, 1995). On the other 
hand, sarcopterygians were described as possessing cosmoid 
scales covered with cosmine, which, as opposed to ganoine, 
is formed by an enamel-dentine complex in which an enamel 
layer is always associated with an underlying layer of den¬ 
tine (Sire et al., 2009) (Tab. I). This ‘archetypical’ division 
of osteichthyans into ganoid and cosmoid scales has encom¬ 
passed histological and phylogenetic studies throughout the 
last century ( e.g. Janvier, 1996; Sire et al., 2009; Schultze, 
2015) with cosmine and ganoine being considered as oppo¬ 
site and exclusive terms, with no clear evolutionary link 
between them, thus making phylogenetic polarization of 
ganoine and cosmine not possible. 

Similarly, despite thorough histological descriptions of 
cosmine (e.g. Williamson, 1859; Goodrich, 1907), its evo¬ 
lutionary origin remained elusive in the 19 th and 20 th centu¬ 
ries due to the lack of a recognizable pre-cosmine condition 
found in the fossil record (Rosen et al., 1981). Pore-canal 
systems similar to that of cosmine have been described in 
osteostracan ‘agnathans’ ( Tremataspis ) (Denison, 1951) and 
‘acanthodians’ ( Poracanthodes ) (Gross, 1956). However, in 
osteostracans and ‘acanthodians’, the pore-canal network is 
morphologically distinct to that of cosmine; the canals are 
solely enclosed in dermal bone and the vertical cavities open 
to the surface through pores in an enamel-like layer of den¬ 
tine ( schmelzartige oberste Dentinschicht, Gross, 1956). 
Phylogenetic studies indicate that the pore-canal systems 
in osteostracans, ‘acanthodians’, and sarcopterygians might 
represent parallel experiments in evolution and are thus 
not considered homologous (Meinke, 1984; Friedman and 
Brazeau, 2010; Qu et al., 2013a, b, 2015, 2016; Schultze, 
2015). 

The discovery of early osteichthyans in the Silurian and 
Lower Devonian of China (e.g. Zhu et al., 2006) and the 
advances in microtomographic paleohistology (e.g. Qu et 
al., 2016) have recently furnished new information on the 
assembly of histological characters in early osteichthyans 
and have started to alleviate the problem of cosmine ori¬ 
gins. These new Chinese osteichthyans are represented 
by a yet unnamed onychodont-like form (Zhu and Zhao, 
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2005) , the dipnomorphs Youngolepis (Chang and Yu, 1981), 
Diabolepis (Chang and Yu, 1984) and Arquatichthys (Lu 
and Zhu, 2008), the putative actinistian Styloichthys (Zhu 
and Yu, 2002), the actinopterygian Meemannia (Zhu et al., 

2006) , the putative sarcopterygian Megamastax (Choo et al., 
2014), and the stem osteichthyans Guiyu (Zhu et al., 2009), 
Sparalepis (Choo et al., 2017), Psarolepis (Yu, 1998; Zhu 
et al., 1999), and Achoania (Zhu et al., 2001) thus furnish¬ 
ing a phylogenetically diverse glimpse of character distribu¬ 
tion in early osteichthyans and allowing histological char¬ 
acters in osteichthyan phylogenies to be polarized. Of these 
taxa, histological studies have focused on the lower jaw of 
Youngolepis (Chang and Smith, 1992), the dermal skull of 
Diabolepis (Chang and Smith, 1992), the dermal skull of 
Meemannia (Zhu et al., 2006, 2010; Lu et al., 2016a), the 
dermal shoulder girdle of Styloichthys (Zhu et al., 2006), 
the lower jaw of Guiyu (Zhu et al., 2009), and the dermal 
skull and scales of Psarolepis (Zhu et al., 2006; Qu et al., 
2013a, 2016). The dermal bones and scales of these forms 
are covered with a shiny layer of enamel bearing large pores 
and cross sections illustrated the occurrence of a pore-canal 
complex in the dentine, characterizing cosmine (Zhu et al., 
2006), except for Guiyu (Zhu et al., 2009) and Sparalepis 
(Choo et al., 2017) presenting enamel-covered ridges and 
lacking a pore-canal system. 

However, histological surveys of Meemannia, Psarolepis 
and Styloichthys have shown that the pore-canal system in 
these forms is embedded in several superimposed layers of 
enamel and dentine, where each superimposed odontode 
carries a single layer of enamel, thus not corresponding 
strictly to the ganoine of actinopterygians, but similar to it 
by the superimposed arrangement of layers (Zhu et al., 2006, 
2010). This condition is different to the classically known 
“true” cosmine of more derived sarcopterygians where a sin¬ 
gle layer of enamel overlays the dentine and highlights that 
these taxa exhibit a primitive type of cosmine and a mosaic 
condition of both “ganoid” type (with multiple generations 
of odontodes and enamel) and “cosmoid” type histology 
(Zhu et al., 2006, 2010). The dermal skeleton of these Chi¬ 
nese forms likely represents the pre-cosmine condition and 
sheds new light on the origin of cosmine. These new data 
have challenged the previous and “classical” distinction 
between the ganoid scales of actinopterygians and the cos¬ 
moid scales of sarcopterygians (Goodrich, 1907). 

A similar condition to that of Chinese stem osteichthyans 
has also been observed in the dermal bones of the actinop¬ 
terygian Cheirolepis from the Late Devonian of North Amer¬ 
ica and Europe. In the C. trailli material from Scotland (Lu 
et al., 2016a), pore openings on the surface of the bone are 
continuous with pore cavities and are linked with horizontal 
canals, with a composite dentine and enamel layer overlying 
a basal layer of lamellar bone, thus resembling cosmine as 
found in early sarcopterygians. Previous histological studies 


on Cheirolepis had focused on the scales, where multi-lay¬ 
ered enamel ( i.e. ganoine) was clearly developed (Pearson 
and Westoll, 1979; Pearson, 1982) in the so-called “palaeo- 
niscoid scales” (an early type of ganoid scale), consisting of a 
superficial layer of ganoine overlying the dentine and a thick 
basal layer of lamellar bone (Goodrich, 1907; Sire et al., 
2009; Schultze, 2015). However, even Goodrich (1907: 757, 
fig. 15) in its original description of the palaeoniscoid scales 
spoke of a layer of “cosmine-like” layer of dentine located 
beneath the multi-layered enamel and above the lamellar 
bone layer. The dentine of the palaeoniscoid scale is also 
pervaded by numerous horizontal canals (Aldinger, 1937; 
Schultze, 2015), which open to the surface through pores 
between ganoine ridges (as probably present in Sparalepis, 
Choo et al., 2017) or through the ganoine layer (as illustrat¬ 
ed by Goodrich (1907) in the actinopterygian Eurynotus). 
Moreover, a “cosmine-like” organisation of odontogenic tis¬ 
sues has also been reported in the actinopterygian Paphosis- 
cus from the Early Carboniferous of Montana, USA (Grogan 
and Lund, 2015) in which a pore-canal system is embedded 
in the dentine and elasmodine (a presumably dentine-derived 
tissue) (Sire et al., 2009) and large pores open to the surface 
through a single layer of enamel (as opposed to ganoine from 
other actinopterygians). These occurrences of a pore-canal 
system in actinopterygians (albeit variable in its composition 
among taxa) and superimposed layers of enamel and dentine 
in early osteichthyans suggest that a pore canal network is a 
shared feature of actinopterygians and sarcopterygians and 
that multi-layered enamel (ganoine) might derive from these 
superimposed organization of odontodes as present in stem 
osteichthyans. 

A pore-canal system has also been found outside crown 
osteichthyans in the stem osteichthyan Andreolepis (Qu et 
al., 2013b, 2016). However, the homology between the canal 
system of Andreolepis and early actinopterygians and the 
canal system of the cosmine in sarcopterygians still remains 
unclear. When present, the pores (or canals) occurring in the 
outer surface of the scales of early osteichthyans (such as 
Andreolepis ) and actinopterygians ( e.g. Cheirolepis, Moy- 
thomasia and Raynerius) (Giles et al., 2015b) are ascend¬ 
ing from the horizontal canals located at the limit between 
the dentine and the lamellar bone (Goodrich, 1907) and they 
have been considered to belong to the bony tissue (cross 
canals) rather than to the dentine (mesh canals) as in cosmine 
(Qu et al., 2016) (Tab. I). Nevertheless, further histological 
surveys of early actinopterygians are needed to confirm this. 
A mesh canal system, connecting the pore cavities and per¬ 
vading the dentine is considered to be absent in early actin¬ 
opterygians where canals are thought to belong to the bony 
tissues and thus these pores cannot be homologues with the 
pore cavities of the pore-canal system of the sarcopterygian 
cosmine. Moreover, ascending canals pierce several genera¬ 
tions of enamel and dentine layers in early actinopterygians 
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like Meemannia and Cheirolepis (Lu et al., 2016a) and stem 
osteichthyans like Psarolepis (Qu et al., 2013a, 2016), while 
each pore cavity is incorporated into a single enamel layer 
in the cosmine of rhipidistian sarcopterygians (Zhu et al., 
2010) (Fig. 2). 

The homology between the system of horizontal canals 
in the scales of osteichthyans (either of odontogenic or 
bony origin) is still unresolved and, therefore, the distinc¬ 
tion between the cosmoid and the ganoid scales as present 
in both early sarcopterygians and actinopterygians is not 
clear-cut. New interpretations suggest a more patchy distri¬ 
bution of features in the initial stages of evolution of both 
groups of osteichthyans. A “cosmine-like” organisation of 
the odontogenic products and associated dermal bone, as 
well as a pore-canal network in the dermoskeleton, should 
thus be considered a synapomorphy of osteichthyans, and 
not strictly restricted to sarcopterygians, with a precursor of 
both cosmine and ganoine present in the last common ances¬ 
tor of actinopterygians and sarcopterygians (Lu et al., 2016a; 
2017). 

Actinopterygians and sarcopterygians thus share a deep 
common pattern of odontode superposition with an associ¬ 
ated pore-canal system. Enamel-associated dentine disap¬ 
peared in actinopterygians with the establishment of multi¬ 
layered enamel ( i.e. ganoine) and pore-canal systems (as 
primitively present in Meemannia ) followed in early actin¬ 
opterygians crownward of Cheirolepis (Lu et al., 2016a). By 
contrast, in sarcopterygians, dentine was retained but asso¬ 
ciated with a single layer of enamel, the ensemble becom¬ 
ing tightly linked to a complex set of canals pervading the 
dentine and connecting with the underlying dermal bone. 
However, as opposed to actinopterygians, the dentine layer 
in the scales of sarcopterygians contacts a thick and densely 
vascularized layer of dermal bone (spongiosa), whereas in 
the scales of early actinopterygians the “cosmine-like” layer 
of dentine and enamel rest directly upon a layer of lamel¬ 
lar bone (isopedine) where the vascular layer appears to be 
missing. However, small fractions of vascular bone have 
been described underneath the dentine in the dermal bones 
of Meemannia (Zhu et al., 2010: figs 5,6). The spongiosa of 
Meemannia is reduced and not uniformly distributed as seen 
in the cross sections, thus hinting at its complete disappear¬ 
ance in more derived actinopterygians such as Cheirolepis 
for which no vascular bone layer have been described so far. 

Now that a “cosmine-like” organisation of the odon¬ 
togenic tissues of the dermoskeleton no longer defines the 
Sarcopterygii, a thick vascular bone region (spongiosa) with 
well-developed cross canal network may be used as a diag¬ 
nostic synapomorphy of sarcopterygians, although its pres¬ 
ence, albeit reduced, in the dermal bones of Meemannia 
(Zhu et al., 2006, 2010) suggest that a vascular bony layer 
might have also been present in the common ancestor of 
crown osteichthyans. The “stepwise” evolution of cosmine 


from early forms such as Psarolepis and Styloichthys , and its 
relationships with the underlying spongiosa, can now be fol¬ 
lowed until the establishment of eucosmine in rhipidistians 
(dipnomorphs and tetrapodomorphs). 

THE DEVELOPMENT OF COSMINE 

Our understanding of the formation and subsequent 
remodelling of cosmine during ontogeny is unclear. The 
scales of osteichthyans are considered polyodontode, capa¬ 
ble of growth by the addition of new generations of odon- 
todes, as opposed to non-growing monodontode scales as 
present in chondrichthyans (Janvier, 1996). An odontode 
can be described as a tooth-like module composed of dentine 
surrounding a pulp structure (canal or cavity) being gener¬ 
ally capped by an enamel or enameloid layer (Reif, 1982). 

Cosmine, and other odontogenic tissues are known to 
be capable of resorption during growth of the animal (Fran- 
cillon-Vieillot et al., 1990). Westoll (1936) first realized 
the necessity of resorption of cosmine to accommodate the 
growth of the dermal skeleton. Subsequent studies on cos¬ 
mine occurrence and growth ( e.g. Jarvik, 1948,1950; Gross, 
1956; 0rvig, 1969a; Thomson, 1975, 1977) suggested that 
each cosmine sheet represents a single depositional event. 
Cosmine was thus considered to be laid down by an essen¬ 
tially undivided cosmine field in the dermis and not as fused 
odontodes ( contra the “lepidomorial theory” of Stensio and 
0rvig, see Janvier, 1996 and Donoghue, 2002), but early sar¬ 
copterygians like Psarolepis show traces of what could rep¬ 
resent earlier ontogenetic and phylogenetic stages when the 
pore-canal system was becoming organized under the form 
of isolated or superimposed dentine tubercles capped with 
enamel (Qu et al., 2016). 

The occurrence in adult cosmine of “ontogenetic traces” 
is informative on the development and arrangement of cos¬ 
mine during growth. Smith (1977) suggested that a dermal 
ornamentation composed of separated odontodes of dentine 
and enamel might represent the primitive condition in sar¬ 
copterygians. A single cosmine sheet was then acquired in 
certain taxa and further evolutionary changes might have 
proceeded in two directions: (1) preserving only the cos¬ 
mine sheet, as in ‘osteolepidids’ and ‘porolepidids’, or (2) 
retaining the early ontogenetic stage of separated odontodes 
(denticles) and no cosmine, characteristic of holoptychiids, 
derived dipnoans, onychodontids, and actinistians (crown- 
ward of Styloichthys). The organization of the cosmine 
in Meemannia (Zhu et al., 2006), Styloichthys (Zhu et al., 
2010) and Psarolepis (Qu et al., 2013a, 2016) has refuted 
the primitive condition of isolated tubercles as proposed by 
Smith (1977), and certainly implied by 0rvig (1968,1969a), 
but showed that the occurrence of a pore-canal system is 
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Figure 2. - Phylogenetic implications and evolutionary scenario of cosmine development in osteichthyans. Numbers 1-4 detailed in the 
text (Development of cosmine). A: phylogenetic interrelationships of selected osteichthyans (after Lu et al., 2017) and interpretative recon¬ 
structions of taxa; B: histological cross sections; C: illustrations of the histological structures from the cross sections; D: virtual and ideal¬ 
ized reconstructions of the pore-canal system of the cosmine. Sources of cross sections and drawings: Andreolepis'. Zhu et al., 2010, Qu et 
al., 2013b, 2016; Psarolepis: Qu et al., 2013a, 2016; Meemannia: Zhu et al., 2010; Styloichthys: Zhu et al., 2006; Porolepis: Gross, 1956; 
Mondejar-Fernandez and Clement, 2012; Dipterus'. Gross, 1956; Osteolepis: Gross, 1956, Schultze, 2015; Megalichthys: Gross, 1956; 
Thomson, 1975. Scale bar = 100 pm. Abbreviations: ba, basal extension; cc, cross canal; d, dentine; dt, dentinal tubules; e, enamel; lmc, 
lower mesh canal; me, mesh canal; od, odontode; pc, pore cavity; po, pore opening; puc, pulp cavity. 
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tightly linked to the structure and arrangement of the odon- 
todes. 

The work of Qu et al. (2013a, b, 2016) on Andreolepis 
and Psarolepis through the first time use of microtomogra¬ 
phy in the study of the formation and arrangement of odon¬ 
togenic tissues in the dermoskeleton of early osteichthy- 
ans enabled to propose a new developmental scenario for 
the assembly of cosmine in sarcopterygians. Although the 
authors cautioned that the conclusions have to be considered 
provisional, a general scenario based on their work can be 
described. This preliminary scenario can be tested with fur¬ 
ther histological surveys of fossil material (Fig. 2). 

(1) Stem osteichthyans (like Andreolepis): the scales of 
very early osteichthyans are ornamented with ridge-like 
odontodes. The first-formed odontodes lie above the hori¬ 
zontal canals of the bony base of the scale, and new odon¬ 
todes are added sequentially, either on top or beside older 
odontodes (Qu et al., 2013a, b, 2016). This pattern of odon- 
tode deposition is maintained in early actinopterygians; the 
evolution of multi-layered enamel (i.e. ganoine) is a conse¬ 
quence of this odontode superposition and subsequent loss 
of the dentine component of the odontode. 

(2) Stem osteichthyans (like Psarolepis): the odontodes 
formed after the primordial ridge-like odontode are different 
in shape and larger than the narrow primordial odontode and 
lead to the loss of a ridge-like ornamentation of the scales 
replaced by a uniform cosmine covering with a smooth layer 
of enamel. This change of shape and general organisation of 
the odontogenic tissues of the dermoskeleton might be due to 
a significant change in the epithelium-mesenchyme system. 
Unfortunately given the absence of similarly arranged odon¬ 
togenic products in extant forms it is currently impossible to 
understand the causes of such changes. This transition from 
ridge-like odontodes to “larger” odontodes is considered the 
first key step in the assembly and evolution of cosmine in 
sarcopterygians. A similar condition might also be present 
in Meemannia but further histological 3D study is needed to 
confirm it. 

(3) Stem and crown osteichthyans: in the scales of Psa¬ 
rolepis, sarcopterygians (like Styloichtliys) and actinoptery¬ 
gians (like Meemannia) the larger odontodes are associated 
with a pore-canal system, suggesting that the establishment 
of the association between odontogenic tissues (dentine and 
enamel) and a complex pore-canal system is an osteichthyan 
synapomorphy. However, in these taxa, new odontodes are 
produced and added atop of older odontodes, without a sin¬ 
gle one-to-one relationship with a pore-cavity or the entire 
pore-canal network, indicating that the odontogenic portion 
of the scales can grow in thickness without affecting the 
organisation of the pore-canal system. Older generations of 
odontodes (either associated with a pore-canal system as in 
Meemannia or not as in Orvikuina) do not show significant 
traces of resorption or reworking in the basal layers, near the 


contact with the underlying bony base. However, in sarcop¬ 
terygians, older generations of odontodes are found buried in 
the lower-most part of the dentine layer and can show some 
partial resorption (as seen in Styloichthys and Psarolepis) 
but still remain associated with the pore-canal system of the 
cosmine. 

(4) Sarcopterygian rhipidistians (dipnomorphs and 
tetrapodomophs): a uniform cosmine covering is found in 
many taxa ( e.g. ‘porolepidids’ like Porolepis, and Heimenia, 
‘osteolepiforms’ like Osteolepis, Gyroptychius, Gogonasus, 
Megalichthys, etc.) (e.g. Gross, 1956; Jarvik, 1985; Monde- 
jar-Fernandez and Clement, 2012). This cosmine arrange¬ 
ment displays a single layer of enamel overlaying a uniform 
layer of dentine with a well-developed pore-canal system 
pervading both the dentine and the vascular bone under¬ 
neath. In the primitive type of cosmine (e.g. Psarolepis, 
Meemannia and Styloichthys), earlier generations of odon¬ 
todes had the ability to induce the formation of new, young¬ 
er generations of odontodes that became superimposed. In 
more derived sarcopterygians, the epithelium-mesenchyme 
system might have undergone a new change with the ability 
to secrete a continuous sheet of cosmine, probably simulta¬ 
neously along large surfaces of the dermoskeleton. This cos¬ 
mine condition encountered in Rhipidistians is here termed 
eucosmine (i.e. “true” cosmine) (Tab I). Odontode superpo¬ 
sition does not occur in the dentine layer of eucosmine and 
buried odontodes are absent from the cosmine layer. Older 
generations of odontodes can be found in the spongiosa with 
clear signs or resorption and reworking, however further 
histological survey of rhipidistian fossils is needed to under¬ 
stand the phylogenetic distribution of this feature. 

Given our current understanding of the sarcopterygian 
phylogeny (and considering Styloichthys a basal coela- 
canth), we might assume that the presence of buried odon¬ 
todes in the dentine layer is primitive for sarcopterygians 
and present in early sarcopterygians below the rhipidistian 
node (Fig. 2). Rhipidistians might retain older generations 
of odontodes below the cosmine layer, buried in the spongi¬ 
osa (e.g. the dipnomorphs Powichthys, Porolepis, Dipterus, 
Uranolophus) (Gross, 1956; Bystrow, 1959; Meinke, 1984; 
Chang and Smith, 1992). Moreover, in these taxa, the ante¬ 
rior portion of the exposed area of the scales is covered in 
denticles, usually with a horse-shoe shape, made of dentine 
and enamel. These denticles (i.e. odontodes) spread along 
the anterior edge of the cosmine, marking the limit between 
the overlapped and exposed areas of the scales. As Bystrow 
(1959: figs 10, 11) showed in the scales of Porolepis uralen- 
sis, the denticles can either be located at the same level of 
the cosmine or at a lower level in the vascular bone layer. In 
other dipnomorphs like Uranolophus and Porolepis, the iso¬ 
lated denticles buried beneath the cosmine sheet are exposed 
to the surface in areas devoid of cosmine cover, indicating 
that ridge-like primordial odontodes, like the odontodes 
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of the Psarolepis scale, were also present in these taxa. As 
suggested by the formerly described developmental sce¬ 
nario, isolated odontodes predate the acquisition of a single 
cosmine sheet, both ontogenetically and phylogenetically. 
Evidences for this can be found in the cosmine-covered 
dipnomorphs Uranolophus and Porolepis but also in Glyp- 
tolepis and Laccognathus, which lack cosmine in the scales 
but retain numerous buried odontodes in the spongiosa 
(Bystrow, 1939) (Fig. 3). 

This puzzling condition suggests that early rhipidistians 
might have retained the ability to produce small odontodes 
as well as large cosmine sheet. This condition is more usu¬ 
ally found in the scales of dipnomorphs than in tetrapodo- 
morphs; in the former, the cosmine sheet breaks into minute 


denticles anteriorly, whereas in the latter the cosmine field 
shows more straight margins and no signs of buried odon¬ 
todes in the spongiosa. However, the developmental orches¬ 
tration of this combined occurrence of eucosmine and isolat¬ 
ed odontodes needs more histological survey in key rhipidis- 
tian taxa, such as the early tetrapodomorphs Tungsenia and 
Kenichthys (Zhu and Ahlberg, 2004; Lu et al., 2012) in order 
to understand how a polyodontode state of the cosmine (the 
primitive type of cosmine as present in early osteichthyans) 
evolved into a continuous shield of cosmine (eucosmine) in 
rhipidistians. The role of resorption is key to explain these 
different manifestations. 

Thomson (1975) description of cosmine ontogeny in 
the megalichthyid ‘osteolepiform’ Ectosteorhachis from 



Figure 3. - Morphology and histology of porolepiform holoptychiid scales. A: Holoptychius nobilissimus (MB.f. 1994.1) and B: Lac¬ 
cognathus panderi (MB.f. 1833,2) from the Middle - Late Devonian of Latvia. 1: External view of the scales (arrow points anteriorly); 
2: Internal view of the scales; 3: General view of the cross section; 4: Inset from the cross section showing the arrangement of the histo¬ 
logical layers. Note the ornamental and histological differences between both scales: in Holoptychius the exposed area is ornamented with 
thick longitudinal ridges solely made of dense bone resting upon the spongiosa (vascular bone); in Laccognathus the exposed area shows 
numerous dentine tubercles, capped with a thin enamel layer (i.e. odontodes), older odontodes from previous generations are embedded in 
the underlying spongiosa (black arrowheads). In both scales, the internal surface is flat and smooth and is solely formed by the isopedine 
(lamellar bone) layer, which is relatively thicker in Holoptychius than in Laccognathus. Abbreviations: d, dentine; e, enamel; lb, lamellar 
bone; vb, vascular bone. Scale bars: A/B2 = 1 cm; A/B3 = 5 mm; A/B4 = 500 pm. 
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the Early Permian of Texas, USA illustrated that cosmine 
resorption is a dynamic process tuned with growth. He pro¬ 
posed that cosmine was laid down around patches of the 
developing pore-canal mosaic in larval or juvenile fishes. By 
the addition of patches, and after perhaps several episodes of 
resorption and redeposition as the pore-canal system formed 
its interconnections, the fish became completely covered 
with cosmine. In Ectosteorhachis then, the pore-canal net¬ 
work and hard tissues apparently developed simultaneously, 
and, later in ontogeny, this pattern was altered in various 
ways. However, these observations might solely concern 
Ectosteorhachis (or ‘osteolepiforms’ more generally); a uni¬ 
form scenario of eucosmine formation, integrating the depo¬ 
sition and putative resorption of older layers of cosmine is 
needed but currently lacking for rhipidistians. 

The loss of cosmine observed in several sarcoptery- 
gian groups is considered to have produced vertical canals, 
communicating the vascular canals of the spongiosa with 
the exterior. Such canals have been noticed in Glyptolepis 
(0rvig, 1957) and similar ones were described in the gas- 
tral scales of the Permian tetrapod Australerpeton (Dias and 
Richter, 2002). However, in tetrapods these are probably 
not homologous with the vertical pore cavities of the cos¬ 
mine pore-canal system, since odontogenic components are 
absent in the scales of tetrapods (Witzmann, 2011; Monde- 
jar-Fernandez et al., 2014) (Fig. 1), but with openings of the 
vascular canals of the spongiosa and were probably related 
to oxygen intake through the scales (Witzmann et al., 2010). 
In groups in which early representatives were covered with 
cosmine, but lost it in derived members ( e.g. porolepiforms) 
these canals might be considered as remnants of the pore 
cavities of the cosmine (Tab I). The canals present in Glyp¬ 
tolepis were tentatively interpreted as mucous canals by 
0rvig (1957: fig. 5), thus consistent with one of the possible 
functions of the cosmine cavities. 


THE FUNCTION OF COSMINE 

The most challenging aspect of studying cosmine con¬ 
cerns its function in living fishes. Since no extant sarcoptery- 
gian representative possesses cosmine, clues on its possible 
function might be found in the structure of the pore-canal 
complex, resorption processes, and ontogenetic develop¬ 
ment in fossil forms. Proposals on the function of cosmine 
have been numerous, but the great majority of early stud¬ 
ies assigned to the cosmine a role in the housing of sensory 
organs (e.g. Moy-Thomas, 1971; Thomson, 1975, 1977; 
Northcutt and Gans, 1983; Meinke, 1984). For these authors, 
pore-canal systems, as present in ‘agnathans’, ‘acanthodi- 
ans’, and sarcopterygians, primarily had a sensory (possibly 
electro-sensory) function; the pore-canal cavities would have 
housed a series of electroreceptory ampullary organs. How¬ 


ever, certain studies on sarcopterygians have challenged this 
view. 

Fox et al. (1995) proposed that the cosmine pore-cavities 
in the ‘osteolepiform’ Cladorosymblema might have been 
sites of mucus-secreting cells, reprising 0rvig hypothesis 
on the porolepiform Glyptolepis (1957). Bemis and North¬ 
cutt (1992) showed that the skin from the snout of the extant 
lungfish Neoceratodus contains horizontal plexuses and ver¬ 
tical capillary loops with similar structure, size and density 
to the components of the cosmine from the dermal bones of 
the skull in Paleozoic dipnoans such as Dipterus and Chi- 
rodipterus. Similarly, Borgen (1992) proposed that the pore- 
canal system of the cosmine, at least in ‘osteolepidids’ and 
porolepiforms, could have primarily functioned as a vascular 
system and that the pore-canal cavities might have contained 
a vascular loop or a sinusoid. Zhu et al. (2010) showed that in 
Meemannia , the multiple layers of superimposed odontodes 
coexisting with one pore-canal network indicates that the 
pore-canal network does not have a one-to-one relationship 
to any single odontode layer. Moreover, sensory pores are 
larger and often occur in clusters in certain specific regions 
of the body (usually the snout and ventral region), whereas 
cosmine pores are minute, extremely numerous and distrib¬ 
uted throughout the entire squamation and dermal bones of 
the animal (Bemis and Northcutt, 1992). 

These observations cast serious doubt on the belief that 
cosmine bears sensory and/or glandular function, which was 
inferred from the unique association of the pore-canal net¬ 
work with one single layer of odontodes and enamel in rhipi¬ 
distians. Moreover, Meinke (1984) pointed out that elec¬ 
troreceptory ampullary organs do not communicate directly 
with each other. Thus, the system of horizontal canals of the 
dentine (mesh canals) connecting the vertical pore cavities is 
an argument against an electroreceptive function of the pore- 
canal cavities. Therefore, the primitive condition described 
in Meemannia, Styloichthys and Psarolepis is more con¬ 
sistent with the function of cosmine as a vascular complex 
involved in the deposition and resorption of mineralized tis¬ 
sues, as proposed by Borgen (1992) and Bemis and North¬ 
cutt (1992). Eucosmine as present in rhipidistians (where 
older, partially resorbed odontodes might be present in the 
spongiosa) should thus be considered under the ‘resorption 
and deposition’ functional view; the early explanation of 
cosmine as a ‘sensory’ tissue should be avoided. A sensory 
function might have been performed by other pore-canal 
systems with larger pores, located mainly in the snout (e.g. 
see Campbell et al., 2010) or related to the lateral line. 

The hypothesis that the main function of the pore-canal 
system is to facilitate the deposition and resorption of odon¬ 
togenic tissues fits into the proposal that the dermal skeleton 
functions as a store for calcium and phosphates (Donoghue 
et al., 2006). The role of cosmine in the metabolic regulation 
of mineral ions was thoroughly studied by Thomson (1975) 
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in Ectosteorachis. Based on the occurrence of a diverse set 
of cosmine manifestations (e.g. blisters, tubercles, complete 
cosmine covering, etc.), Thomson proposed that such mani¬ 
festations might have been due to seasonal resorption of the 
cosmine in connection with a need to make large volumes of 
calcium and phosphates available, for instance for reproduc¬ 
tion, as well as in connection with growth of the dermal skel¬ 
eton. Ectosteorhachis may have had an anadromous behav¬ 
iour, and migrated between sea and fresh water to breed. 
Cosmine resorption would have taken place in fresh water 
environments, depleted from food resources and minerals 
compared to the sea. A similar scenario was also proposed 
for the Cretaceous actinopterygian Lepidotyle (Meunier and 
Gayet, 1992) showing traces of ganoine resorption. Recent¬ 
ly, Schultze (2015) challenged the occurrence of resorption 
in Ectosteorhachis and Megalichthys after re-studying the 
material. However, a 3D survey of the dermoskeleton might 
be the only way to ascertain and properly identify resorption 
processes (Qu et al., 2016; S. Sanchez, pers. comm.). 

Nevertheless, this scenario might be too simplistic when 
we consider the occurrence of cosmine and cosmine deriva¬ 
tives in other sarcopterygians. Devonian, cosmine-bearing 
sarcopterygians (e.g. basal actinistians, ‘porolepidids’, early 
dipnoans, and ‘osteolepidids’) seem to be restricted to most¬ 
ly fully marine environments (e.g. Yunnan and Gogo sites) 
(Xun et al., 1996; Long and Trinajstic, 2010). In these forms, 
cosmine is always well developed and no traces of impor¬ 
tant resorption due to migrations, as proposed by Thomson 
(1975), are seen. These would confirm Thomson’s view that 
cosmine covering was always continuous in sea environ¬ 
ments. However, the ‘osteolepiforms’ Osteolepis and Gyrop- 
tychius from the Devonian of Scotland (Jarvik, 1985) and 
Cladarosymblema from the Carboniferous of Australia (Fox 
et al., 1995) possess a rather continuous cosmine covering 
and have been referred to a freshwater environment (lacus¬ 
trine and fluviatile) as well as the Early Devonian porolepi- 
form faunas (0rvig, 1969a; Mondejar-Fernandez and Cle¬ 
ment, 2012) from Spitsbergen (Friend and Moody-Stuart, 
1973), although putative areas of resorption have been 
observed. Moreover, possible counterexamples are Devonian 
marine onychodontids (e.g. Qingmenodus and Onychodus) 
(Andrews et al., 2006; Lu et al., 2016b) and actinistians (e.g. 
Euporosteus) (Zhu et al., 2012), which appear to have lost 
cosmine very early in their evolutionary history (Friedman, 
2007; Lu and Zhu, 2010). Nevertheless, onychodontids and 
actinistians, as well as certain holoptychiids, show dentine 
tubercles, some of which are capped with enamel; the odon¬ 
togenic component of the dermoskeleton was thus retained 
in these marine forms (0rvig, 1957; Castanet et al., 1975). 

Curiously, sarcopterygian taxa devoid of cosmine or any 
other type of odontogenic tissue (e.g. certain holoptychiids, 
derived dipnoans, rhizodontids, tristichopterids, ‘elpistoste- 
galians’, and tetrapods) have not been found in totally marine 


environments, but rather in marine-influenced, lagoonal, 
deltaic, or even freshwater environments (e.g. Lebedev and 
Coates, 1995; Johanson and Ahlberg, 2001; Cressler et al., 
2010). It seems that in these forms, a non-fully marine habi¬ 
tat is related to the loss of odontogenic components of the 
dermoskeleton, thus hinting towards a causal explanation 
for the absence of odontogenic tissues in non-marine envi¬ 
ronments. Further studies on these taxa should focus on the 
paleoenvironment and ion content of the water in order to 
determine whether this hypothesis is consistent (e.g. Clouti¬ 
er et al., 2011). 

The remaining question is: what could be the advantage 
of the retention of dentine and enamel (either via cosmine or 
isolated odontodes) in a marine environment? After Thom¬ 
son (1975) proposition that dentine was a mean of calcium 
and phosphate storage in anadromous fishes, cosmine would 
have been produced in salt water where these ions are in 
excess and resorbed in time of short supply or need under 
certain life conditions, especially when these fishes left the 
sea to dwell in fresh waters. Resorption processes are highly 
demanding in energy. Possibly cosmine disappeared conver- 
gently in sarcopterygians when certain groups adapted to a 
more fresh-water environment and found other ways of stor¬ 
ing ions without needing to resorb mineral tissues. Interest¬ 
ingly, when considering the convergent loss of cosmine with 
regard to the stratigraphical distribution of the taxa, a pattern 
emerges: cosmine was lost independently in the majority of 
sarcopterygian clades during the Early to Middle Devonian 
(Fig. 1). Some notable exceptions, including ‘porolepidids’ 
and megalichthyid ‘osteolepiforms’ retain a cosmine cover¬ 
ing until the Late Devonian and even until the late Paleozoic 
(e.g. Ectosteorachis ). However, the reasons for this remain 
unclear. Future studies should consider the environmental 
constraints and global climatic variations during the Devo¬ 
nian and check whether the loss of odontogenic components 
of the dermal skeleton is somehow related to changes in the 
ionic content of marine and/or fresh waters (e.g. Long et al., 
2016). 

Thomson (1975) suggested that the presence of a contin¬ 
uous cosmine covering is an ontogenetic character present in 
reproductive mature individuals. Westoll (1936) and White 
(1965) reported the absence of cosmine in small specimens 
of Dip ter us and so did 0rvig (1969a) in small dipnoans indet. 
from the Middle Devonian of Bergisch-Gladbach, Germany. 
In Porolepis or Uranolophus, early generations of odontodes 
can be seen under the continuous cosmine covering, distrib¬ 
uted around the pore-canal cavities (Gross, 1956; Campbell 
and Barwick, 1988). Later in ontogeny, a cosmine sheet was 
laid down, encasing the pore-canal system and overlying the 
odontodes that were subject to progressive internal resorp¬ 
tion. Cosmine thus develops late in ontogeny. Therefore, the 
loss of cosmine has been viewed as a paedomorphic trait in 
sarcopterygian evolution (Bemis, 1984). The study of cos- 
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mine development can furnish key information in our under¬ 
standing of ontogenies in fossil osteichthyans (Cloutier, 
2010 ). 

An interesting aspect of the histological consequences of 
the loss of cosmine concerns the fate of the spongiosa, which 
henceforth becomes exposed as constituting the most exter¬ 
nal portion of the superficial portion of the scales. Thomson 
(1975) stated that in the scales of Ectosteorhachis the zones 
of the exposed area devoid of a cosmine covering (either 
due to a more important growth of certain parts of the scale 
or partial resorption of the cosmine) the naked spongiosa is 
denser and less vascularised that in normal conditions. Such 
a dense spongiosa strongly resembles the condition present in 
the bony scales of porolepiforms like Holoptychius (Fig. 3), 
early tetrapods such as Tulerpeton (Mondejar-Fernandez et 
al., 2014) and the outer portion of the superficial region of 
the scales of Eusthenopteron (Zylberberg et al., 2010). How- 
ever, in Tulerpeton, the vertical canals of the spongiosa are 
not present, whereas in Eusthenopteron they can occur (Jar- 
vik, 1980). A denser upper part of the spongiosa could have 
played a role as a reinforcement against mechanical wear of 
the upper exposed area, or as a way of creating a smoother 
surface, as seen in the anterior overlapped area of the scales, 
which is solely composed of bone (spongiosa and isope- 
dine), regardless of the scale morphotype and the histologi¬ 
cal structure of the exposed area. 

In relation to wear, a common explanation to the distri¬ 
bution of cosmine deals with its role as a sort of “shield” 
in parts of the body that could have been more exposed to 
contact with the substrate (Clement, 2004). However, in all 
fishes, the dermal skeleton is not “naked”, or totally exposed 
to the environment. The bones of the skull, fins, and scales 
are overlain by the epidermis, which in the vast major¬ 
ity of cases secretes a mucus improving water penetration 
and minimizing injuries caused by rough substrate contact. 
Even if cosmine appears to be more developed in the ventral 
region of the body and anterior portion of the snout in certain 
taxa (e.g. Porolepis, Heimenia, dipnoans, etc.), it does not 
necessarily mean that these regions were more “protected” 
from injuries by the presence of cosmine. The skin, which 
is a living tissue with nervous connections, would have 
been continuously wounded, producing not only pain to the 
animal, but also implicating a regular healing, which is an 
energy-consuming process. I propose instead that the pres¬ 
ence of “thicker” cosmine in these regions could have had 
a role in slightly increasing the weight of the ventral region 
and the anterior tip of the snout in benthic fishes as a resist¬ 
ance against buoyancy and therefore, facilitating a benthic 
predatory behaviour as usually suggested for many early sar- 
copterygians (Janvier, 1996; Clack, 2002). 


DISTRIBUTION AND PHYLOGENETIC 
IMPLICATIONS OF COSMINE IN 
SARCOPTERYGIANS 

Cosmine has proved to be an adaptable tissue-complex 
that can lead to different configurations of odontogenic tis¬ 
sues (e.g. spoon-shaped tubercles, blisters, Westoll lines, 
etc.). Primitively present in early osteichthyans (see above), 
cosmine distribution and manifestations in sarcopterygians 
have usually been of taxonomic use in the reconstruction of 
sarcopterygian interrelationships and the attribution of new 
fossil remains to certain groups. Here, I will briefly review 
the occurrence of cosmine and other odontogenic deriva¬ 
tives in histologically-surveyed sarcopterygians to illustrate 
the diversity of dentinous and bony tissues present in the 
dermoskeleton of lobe-finned fishes; these diverse mani¬ 
festations and their evolutionary implications in our under¬ 
standing of sarcopterygian interrelationships will also be 
discussed. 

Cosmine in sarcopterygians 

Early osteichthyans - The basal portion of the sarcop¬ 
terygian tree was occupied by a consistent clade of early 
sarcopterygians known as psarolepids or the “Guiyu clade”, 
comprising the Chinese forms Guiyu, Achoania, Psarolepis 
and Sparalepis (Choo et al., 2017). However, they have 
been recently reconstructed as stem osteichthyans, based on 
the discovery of the early sarcopterygian Ptyctolepis (Lu et 
al., 2017). In the rhombic scales of Psarolepis, a primitive 
form of cosmine is present, represented by superimposed 
odontodes and a pore-canal system, illustrating the early 
evolutionary stages of the build-up of cosmine, as described 
in early actinopterygians like Meemannia (previously con¬ 
sidered a sarcopterygian) (Zhu et al., 2006,2010) and Chei- 
rolepis (Lu et al., 2016a). In Psarolepis, odontodes from pre¬ 
vious generations are found buried in the dentine layer (Qu 
et al., 2013a, b, 2016). However, the pores in the enamel of 
the rhombic scales in Psarolepis (and other early osteichthy¬ 
ans, like Andreolepis) are larger than the fine pores as seen in 
crownward sarcopterygians. Cosmine has also been reported 
in Achoania (Zhu et al., 2001) and in the putative sarcop¬ 
terygian Megamastax (Choo et al., 2014), although no histo¬ 
logical study or phylogenetic reconstructions were furnished 
for this last taxon. 

Onychodontids - Onychodontids are not well known, and 
few histological details of their dermoskeleton are available. 
The scales of all known onychodontids are rounded in shape 
and they are ornamented along the entire exposed area of the 
scale with ridges or spoon-shaped tubercles probably made 
of dentine (e.g. Onychodus) (Andrews et al., 2006); the pres¬ 
ence of enamel (or enameloid) is unclear (Janvier, 1996). 
Small patches of cosmine have been reported in the parietal 
and premaxilla of Strunius from the Middle Devonian of 
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Germany (Jessen, 1966,1967) but no histological data have 
been published to confirm it. The most basal onychodontid, 
Bukkanodus from the Early Devonian of Australia (Johanson 
et al., 2007) shows a dermal ornamentation comprising fine 
pores and vermiform ridges, as well as small denticles on the 
scales. Unpublished thin sections confirmed the absence of 
enamel and a pore-canal system, thus ruling out the presence 
of cosmine in Bukkanodus. However, the earliest onycho¬ 
dontid Qingmenodus from the Early Devonian of China (Lu 
and Zhu, 2010; Lu et al., 2016b) shows a dermal ornament 
of tiny pores, much smaller and more closely spaced than 
in Bukkanodus , but no histological data are available; the 
scale shape is also still unknown in this taxon. The presence 
of cosmine in onychodontids thus remains uncertain at the 
moment. New data from the onychodont-like Chinese form 
(Zhu and Zhao, 2005), covered with a shiny coat of enamel 
and pores are eagerly awaited. 

Actinistians - The actinistians (or coelacanths sensu 
lato) possess a reduced dermoskeleton and a rather uniform 
pattern of dermal ornamentation. The scales of actinistians 
are rounded in shape. They are ornamented with coarse or 
thin ridges distributed on the exposed area of the scales that 
break into spoon-shaped tubercles (as in onychodontids) 
in the anterior margin of the exposed area ( e.g. Latimeria, 
Roux, 1942; Smith et al., 1972; Castanet et al., 1975; Smith, 
1979; Meunier, 1980). This ornamentation pattern of both 
the scales and dermal bones is uniformly maintained in all 
actinistians from the Paleozoic to Recent (e.g. Gavinia, 
Miguashaia, Diplocercides, Nesides, Undina, Rhabdoder- 
ma, Whiteia, Piveteauia, Macropoma, Coelacanthus, Swen- 
zia and Latimeria ) (Stensio, 1937; Schaeffer, 1941; Forey 
and Young, 1985; Cloutier, 1996a; Forey, 1998; Forey et al., 
2000; Clement, 1999, 2005; Long, 1999), however the his¬ 
tological nature of the ridges and tubercles is unclear since 
no comparative histological work has been done on coela- 
canth scales (Forey, 1998). The ridges have been reported 
to be made of dentine in Paleozoic forms like Diplocercides 
from the Late Devonian (Gross, 1933) and Mesozoic forms 
like Undina from the Jurassic (Gross, 1933) and Macro¬ 
poma from the Cretaceous (Williamson, 1849), whereas 
the ridges of Chagrinia from the Late Devonian (Schaeffer, 
1962) were described as made of bone. The scales and der¬ 
mal bones of Diplurus from the Triassic (Schaeffer, 1952) 
were tentavily reported as being covered with a thin layer of 
enamel, but absent from the ridges and tubercles. The den¬ 
ticles found in the dermal bones of Spermatodus from the 
Permian are composed of dentine and enamel (i.e. odon- 
todes) (Westoll and Romer, 1939; Meinke, 1982) with sev¬ 
eral layers of denticles overlapping each other and evidence 
of resorption and redeposition of bone and denticles as part 
of the growth process. Dentine-made ridges capped with 
enamel are also present in the extant Latimeria (Castanet et 
al., 1975). The putative basal actinistian Styloichthys (Zhu 


& Yu, 2002; Friedman, 2007) is exceptional among coela¬ 
canths: it presents a primitive type of cosmine and rhombic 
scales, two conditions different from those of other known, 
more derived forms. The currently considered most primi¬ 
tive actinistians Gavinia from the Middle Devonian of Aus¬ 
tralia (Long, 1999) and Miguashaia from the Late Devonian 
of Canada (Cloutier, 1996a) do not possess cosmine and 
both show rounded scales with the classical ornamentation 
formerly described. 

Dipnomorphs 

Besides the well-defined clades of the Porolepiformes 
and the Dipnoi, several uncertainly located taxa are gath¬ 
ered among the Dipnomorpha. Powichthys from the Early 
Devonian of Canada and Spitsbergen (Jessen, 1975; Cle¬ 
ment and Janvier, 2004) has been interpreted either as the 
sister taxon of dipnomorphs (Forey, 1998), dipnoans (Ahl- 
berg, 1991; Cloutier and Ahlberg, 1996; Zhu et al., 2001), 
or porolepiforms (Clement and Janvier, 2004; Clement and 
Ahlberg, 2010). Youngolepis from the Early Devonian of 
China (Chang and Yu, 1981; Chang, 1982) was described as 
a stem dipnoan and, along with Diabolepis they would rep¬ 
resent two successive sister groups of the Dipnoi. Arquatich- 
thys from the Early Devonian of China (Lu and Zhu, 2008) 
and Langdenia from the Early Devonian of Vietnam (Jan¬ 
vier and Phuong, 1999) have been considered as stem dip¬ 
nomorphs, although with caution. All these taxa have rhom¬ 
bic scales covered with cosmine, although only Youngolepis 
and Powichthys have been histologically surveyed and pos¬ 
sess eucosmine (Chang and Smith, 1992). 

Porolepiforms - The dermal ornamentation of porolepi¬ 
forms is morphologically and histologically diverse. The 
squamation of ‘porolepidids’ is composed of thick rhombic 
scales covered with eucosmine ( Porolepis, Heimenia, Duri- 
alepis) whereas in holoptychiids the scales are thin, rounded, 
and lack cosmine (e.g. Holoptychius) (0rvig, 1969b; Jarvik, 
1980; Janvier, 1996; Otto, 2007). The condition of Heime¬ 
nia is informative on the evolutionary transformation of 
the squamation between ‘porolepidids’ and holoptychiids 
(Mondejar-Fernandez and Clement, 2012). The extent of the 
enamel layer is variable in dipnomorphs: in certain dipnoans 
and in Youngolepis , Powichthys and Diabolepis (Chang and 
Smith, 1992) the enamel layer extends half way into the cos¬ 
mine pores, in Porolepis , the enamel lines the entire surface 
of the pore-cavity, and in Heimenia the enamel does not 
penetrate the pores but rather forms a slightly bulged mar¬ 
gin (Mondejar-Fernandez and Clement, 2012). The com¬ 
plete loss of odontogenic components appears to be phylo- 
genetically gradual in holoptychiids; basal members such as 
Glyptolepis and Laccognathus, retain a series of superim¬ 
posed odontodes made of dentine and enamel (Gross, 1956; 
Bystrow, 1959; Jarvik, 1972), whereas Holoptychius (con¬ 
sider to be more derived) (Schultze, 2000) possesses scales 
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completely made of bone, excepting some possible small 
dentine tubercles anteriorly (Fig. 3) and buried odontodes in 
the dermal bones of the skull (Bystrow, 1939). Moreover, it 
is possible that Glyptolepis could show remnants of the pore- 
canal system, as proposed by 0rvig (1957), but further his¬ 
tological survey of this taxon in needed in order to confirm 
or refute it. 

Dipnoans - The dermoskeleton of dipnoans is also vari¬ 
able in its ornamentation. The earliest forms show rhombic 
( e.g. Uranolophus) or rounded scales ( e.g. Dipterus) with 
patches or a continuous cosmine covering. Dipnoan eucos- 
mine is characterized by the presence of more or less concen¬ 
tric lines of discontinuity in the enamel, the so-called Westoll 
lines, which are interpreted as being due to cyclic resorption 
and redeposition during growth (0rvig, 1969a) and are a dis¬ 
tinctive feature of the group (present in Diabolepis ) (Chang 
and Smith, 1992). Uranolophus from the Early Devonian 
of North America (Denison, 1968a, b) and Dipnorhynchus 
from the Early-Middle Devonian of Australia (Thomson 
and Campbell, 1971) display cosmine on the skull roof 
bones and in the rhombic scales. The cosmine in these 
taxa grades into a series of ridges and tubercules anterior¬ 
ly and shows Westoll lines. The denticles on the scales are 
solely made of dentine and are located around the edge of 
the exposed surface, a condition similar to that of cosmine- 
covered porolepiforms, usually in a lower plane than the 
uniform cosmine layer. Buried odontodes are also present 
in the spongiosa (Meinke, 1984). Cosmine can co-occur in 
the rounded scales and dermal bones, or solely in the skull 
and snout of other Devonian taxa such as Dipterus (For- 
ster-Cooper, 1937; Ahlberg and Trewin, 1995), Rhinodip- 
terus and Ganorhynchus (Gross, 1956),Nielsenia (Lehman, 
1959), Sunwapta (Thomson, 1967), Chirodipterus (Miles, 
1977), Stomiahykus (Bernacsek, 1977), Speonesydrion 
(Campbell and Barwick. 1983), Gogodipterus (Long, 1992), 
Iowadipterus (Schultze, 1992), Sorbitorhynchus (Wang et 
al., 1993), Ichnomylax (Long et al., 1994), Erikia (Chang 
and Wang, 1995), Pillararhynchus (Barwick and Campbell, 
1996), Tarachomylax (Barwick et al., 1997), Jessenia (Otto 
and Bardenheuer, 1997), Adololopas (Campbell and Bar¬ 
wick, 1998 ),Melanognathus (Schultze, 2001), Orlovichthys 
(Krupina et al., 2001), Dipnotuberculus (Campbell et al., 
2002), Amadeodipterus (Young and Schultze, 2005), Cathlo- 
rhynchus (Campbell et al., 2009), Harajicadipterus (Clem¬ 
ent, 2009), Sinodipterus (Qiao and Zhu, 2009), Robinson- 
dipterus (Long, 2010), and Pinnalongus (Newman and den 
Blaauwen, 2014) . In several of these taxa, isolated denticles 
co-occur with continuous cosmine sheets and Westoll lines. 
Griphognathus (Schultze, 1969a) and Holodipterus (Miles, 
1977) do not show a cosmine covering in the dermal bones 
but external denticles are present in some bones combined 
with buried odontodes; small putative cosmine patches and 
odontodes are also known in the scales of the ventral region 


of Griphognathus, the rest being ornamented by bony ridges 
(Smith, 1977). From the Late Devonian onwards, lungfishes 
show a tendency towards bone reduction (in the endo- as 
well as in the dermoskeleton) and loss of the cosmine {e.g. 
Fleurantia, Scaumenacia, Holodipterus, Sagenodus, etc.) 
(Miles, 1977; Cloutier, 1996b; Schultze and Chorn, 1997). 
The extant forms {Neoceratodus, Lepidosiren and Protop- 
terus) show rounded scales ornamented with fine, slightly 
undulating bony ridges and no odontogenic tissues (Kerr. 
1955; Brien, 1962). 

Tetrapodomorphs 

Tungsenia from the Early Devonian of China (Lu et al., 
2012) is the earliest representative of the Tetrapodormorpha 
and the sister group of all other tetrapodomorphs, although 
solely known by dermal skull and lower jaws bones covered 
by a thick layer of cosmine. Another Chinese form, Kenich- 
tliys from the Middle Devonian is known by well-preserved 
skull and pectoral girdle material and scales (Chang and 
Zhu, 1993; Zhu and Ahlberg, 2004). Kenichthys possesses 
cosmine on its dermal bones and rhombic scales, which are 
similar to that of rhombic-scaled ‘osteolepiforms’, with a 
marked antero-dorsal groove between the overlapped and 
exposed surfaces. Unfortunately, these two early tetrapodo¬ 
morphs have not been histologically surveyed. 

Rhizodontids - Dermoskeletal ornamentation is surpris¬ 
ingly uniform in rhizodontids; ornamentation of the dermal 
bones and scales is mainly composed of fine bony ridges 
and tubercles. The scales of all known forms are rounded 
in shape, with a pointed posterior end in certain taxa {e.g. 
Gooloogongia) (Johanson and Ahlberg, 2001). Rhizodontids 
represent the most basal Devonian radiation of tetrapodo¬ 
morphs, however, they show remarkably specialized features 
convergent with other groups of Devonian tetrapodomorphs 
very early on as seen in Hongyu from the Late Devonian 
of China (Zhu et al., 2017). Cosmine (or any other type of 
odontogenic tissues) is unknown in rhizodontids, despite 
its presence in early tetrapodomorphs like Kenichthys and 
Tungsenia (Chang and Zhu, 1993; Lu et al., 2012). No his¬ 
tological studies of their dermal skeleton have yet been per¬ 
formed, excepting the study of the dentine in their teeth {e.g. 
Rhizodus and Strepsodus) (Schultze, 1969b). However, new 
redescriptions of uncertainly placed ‘osteolepiforms’ that 
can turn out to be rhizodontids {Thysanolepis in Coates and 
Friedman, 2010) might show evidence of cosmine in primi¬ 
tive members of the Rhizodontida (see below). 

‘Osteolepiforms ’ - The ornamentation of the dermoskel¬ 
eton of ‘osteolepiforms’ is among the most variable in sar- 
copterygians. Certain ‘osteolepidids’ {e.g. megalichthyids, 
Osteolepis, Gyroptychius, etc.) possess cosmine-covered 
rhombic scales, whereas other derived forms {e.g. Canowin- 
dra, tristichopterids) show rounded scales lacking cosmine 
(Ahlberg and Johanson, 1998; Snitting, 2008). The rhombic 


Cybium 2018,42(1) 


55 


On cosmine 


Mondejar-Fernandez 


scales of ‘osteolepidids’ differ from other rhombic scales 
(e.g. porolepiforms) by the presence of a well-marked groove 
that separates the overlapped and exposed areas, the absence 
of tubercles anterior to the cosmine sheet of the exposed area 
(as in Kenichthys ) (Chang and Zhu, 1993), and a different 
density and size of the cosmine pores. Cosmine covered 
‘osteolepiforms’ include Osteolepis, Gyroptychius and Thur- 
sius (Gross, 1956; Jarvik, 1985), Thaumatolepis (Obruchev, 
1941), Megistolepis (Obruchev, 1955), Megalichthys 
(Gross, 1956), Sterropterygion (Thomson, 1972), Latvius 
(lessen, 1973), Ectosteorhachis (Thomson, 1975), Crip- 
tolepis (Worobjewa, 1975), Megapomus and Thysanolepis 
(Vorobyeva, 1977), Chrysolepis (Lebedev, 1983); Gogona- 
sus (Long, 1985), Beelarongia (Long, 1987), Koharalepis, 
Platyethmoidea, Vorobjevaia and Mahalalepis (Young et al., 
1992), Medoevia (Lebedev, 1995a), Cladarosymblema (Fox 
et al., 1995), Muranjilepis (Young and Schultze, 2005), Sen- 
goerichthys (Janvier et al., 2007), Owensia (Holland, 2009), 
Palatinichthys (Witzmann and Schoch, 2012), and Askerich- 
thys (Borgen and Nakrem, 2016). As previously reviewed by 
Meinke (1984) the odontogenic tissues in ‘osteolepiforms’ 
can be found in 5 different forms: 1) Complete cosmine- 
sheets (e.g. Gogonasus ); 2) Discontinuous cosmine sepa¬ 
rated by Westoll lines-like areas of naked bone (e.g. certain 
specimens of Osteolepis and Gyroptychius ); 3) Cosmine blis¬ 
ters (e.g. Ectosteorhachis)', 4) “Mixed” cosmine (unfinished 
cosmine attributed to early ontogenetic stages) (e.g. Ectoste¬ 
orhachis); 5) Tubercles (e.g. Ectosteorhachis and Lampro- 
tolepis). These different manifestations can be explained as 
an either spatial or temporal breakdown of a continuous cos¬ 
mine sheet as primitively present in early tetrapodomorphs 
(e.g. Tungsenia and Kenichthys) (Thomson, 1975). Patches 
of cosmine have been described in Rhizodopis (Andrews and 
Westoll, 1970) and Thomson (1968) reported dentine ridges 
in Hyneria, although histological data is lacking. All other 
‘osteolepiforms’ lack odontogenic derivatives; the rounded 
scales and dermal bones of tristichopterids and other derived 
forms are ornamented with fine bony ridges (as in rhizodon- 
tids) or a series of small bony tubercles (e.g. Eusthenopteron, 
Canowindra, Litoptychus) (Denison, 1951; Thomson, 1973; 
Jarvik, 1980). 

‘Elpistostegalians’ + Tetrapods - The Elpistostega- 
lia (sensu Daeschler et al., 2006) includes the Middle-Late 
Devonian paraphyletic assemblage of the ‘elpistostegalians’ 
Tiktaalik (Daeeschler et al., 2006), Panderichthys (Vorobye¬ 
va and Lyarskaya, 1968) and Elpistostege (Westoll, 1938; 
Schultze, 1996) and the tetrapods. The clade is character¬ 
ized by the complete loss of the odontogenic tissues in the 
dermoskeleton. The scales of ‘elpistostegalians’ are rhombic 
in shape but do not possess cosmine; they are ornamented 
by a series of bony coarse tubercles (Witzmann. 2011). 
Early tetrapods present a large array of scale morphotypes. 
Devonian tetrapods (such as Ichthyostega, Acanthostega, 


and Tulerpeton) (Coates, 1996; Jarvik, 1952, 1996; Leb¬ 
edev and Coates, 1995) possess rounded, ovoid, or spindle- 
shaped scales, whereas certain Carboniferous and younger 
tetrapods show a recovery of a “squared” morphotype dif¬ 
ferent from the plesiomorphic rhombic morphotype of their 
fish relatives (Witzmann, 2011). Ornamentation is usually 
absent, the scales being solely composed of bone. Histologi¬ 
cally, the scales of tetrapods are extremely simple compared 
with those of other sarcopterygians; enamel and dentine are 
absent as well as the basal isopedine layer made of lamellar 
bone (Mondejar-Fernandez et al., 2014). 

New histological perspectives on tetrapodomorph 
interrelationships 

As recently proposed for actinistians based on the histo¬ 
logical and phylogenetic survey of Styloichthys (Friedman, 
2007), the occurrence of cosmine in early members and sub¬ 
sequent loss or replacement in more derived forms of any 
given sarcopterygian group might be confirmed by new his¬ 
tological data and phylogenetic reconstructions. The case of 
‘osteolepiforms’ is of particular interest amongst sarcoptery¬ 
gians due to their rich fossil record and their currently unre¬ 
solved interrelationships. Two decades of research follow¬ 
ing early formative studies of tetrapodomorph relationships 
(e.g. Ahlberg and Johanson, 1998) have yielded conflicting 
hypotheses (e.g. Coates and Friedman, 2010) rather than 
increased consensus; the current state of “osteolepiform” 
interrelationships and their bearing among tetrapodomorphs 
can be accordingly described as chaotic. This phylogenetic 
uncertainty severely hampers to reconstruct major aspects of 
tetrapodomorph macroevolution concerning both the endo- 
and dermoskeleton, ranging from specific sequences of char¬ 
acter acquisition, to patterns of convergence, to rates and 
modes of evolutionary change. Most recent analyses have 
been restricted to a limited set of early tetrapodomorph fish¬ 
es, with two major groups from the ‘middle part’ of the tree 
(‘osteolepidids’ and megalichthyids), being largely neglect¬ 
ed. A great diversity of early forms, particularly Eurameri¬ 
can taxa, have been shoehorned into these loosely defined 
assemblages, but remain poorly described despite excellent 
material. The case of Russian tetrapodomorphs material is 
greatly relevant for these issues. 

Russian tetrapodomorph fishes are represented by 
obscure material that has been rarely illustrated and main¬ 
ly published in Russian since the middle of the 20 th cen¬ 
tury (e.g. Obruchev, 1941, 1955; Vorobyeva, 1962, 1977; 
Lebedev, 1983). These taxa (e.g. Chrysolepis, Criptolepis, 
Lamprotolepis, Megapomus, Megistolepis, Thaumatolepis, 
Thysanolepis, etc.) display morphological and histologi¬ 
cal disparity. However, detailed accounts are needed under 
the light of new techniques and phylogenetic interpreta¬ 
tions. Histological cross sections at my disposal, furnished 
by Francois Meunier, comprised three of these Russian 
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Figure 4. - Histological cross sections of Russian tetrapodomorph scale material. A: Lamprotolepis (‘Osteolepiformes’), fragment of a 
scale ornamented with dentine tubercles. B: Inset of a tubercle (odontode). Note the absence of a pore-canal system and of enamel cap¬ 
ping the dentine tubercle. The odontodes lie on a thin and irregularly developed layer of vascular bone (spongiosa). The basal lamellar 
bone layer (isopedine) is thick and well developed. C: Thysanolepis (?Rhizodontida), upper portion of a scale in cross section. Note the 
presence of cosmine formed by the association of enamel and dentine pervaded by a pore-canal system. The middle vascular bone layer 
(spongiosa) is well developed and rests on the basal layer of lamellar bone (isopedine). D: Megistolepis (‘Osteolepiformes’), upper portion 
of a scale in cross section. Note the presence cosmine and a well developed and cancellous spongiosa. The inferior part of the pore-canal 
system of the cosmine prolongs itself into the vascular canals of the spongiosa. Basal bony layer not visible. Abbreviations: d, dentine; e, 
enamel; lb, lamellar bone; me, mesh canal; pc, pore cavity; vb, vascular bone; vc, vascular canal. Pictures courtesy of Francois Meunier. 
Scale bars: A= 1 mm; B = 500 pm; C, D = 100 pm. 


tetrapodomorphs with rhombic scales: Thysanolepis and 
Lamprotolepis from the Lower Carboniferous (Vorobyeva, 
1977) and Megistolepis from the Late Devonian (Obruchev, 
1955). The description and illustration of their histology is 
furnished here for the first time (Fig. 4); unfortunately, refer¬ 
ence numbers for this material have been lost. 

Lamprotolepis - The illustrated scale fragment of Lam¬ 
protolepis (Fig. 4A, B) shows two well-developed dentine 
(d) tubercles overlying an irregularly thick layer of vascular 
bone (vb or spongiosa), which rest on a basal layer or lamel¬ 
lar bone (lb or isopedine). There is no enamel capping of the 
tubercles. The dentine presents numerous dentinal tubules 
radiating from the pulp cavities. No pore-canal system is 
visible, either within the dentine layer or the vascular bone; 
cosmine can thus be considered absent ( contra Borgen and 
Nakrem, 2016). Vascular canals (vc) are present in the spon¬ 
giosa, stretching ventrally to the margin of the dorsal edge 
of the isopedine, with the former layer displaying a brighter 


grey tone than the latter. The basal layer of lamellar bone (lb) 
is composed of parallel-fibered bone, as clearly visible in the 
ventral portion, however, the dorsal portion does not show 
a clear straight margin with the spongiosa: vascular canals 
occur dorsally in a darker bony tissue than the brighter upper 
portion of the spongiosa and thus hint towards a putative 
older deposition of the dark bony tissue at the base of the 
scale compared with a younger bright bone tissue and den¬ 
tine tubercles of the upper portion. A vascular canal in the 
isopedine is also seen ventrally, close to a probable bundle 
of Sharpey’s fibers (Fig. 4A, inferior to the left). Numerous 
osteocyte lacunae are visible both in the spongiosa and iso¬ 
pedine layers. The vascular canals show traces of osseous 
reworking (secondary osteons) (Fig. 4B). Other traces of 
resorption are difficult to identify, but the irregular dorsal 
exposed margin of the spongiosa between the two odontodes 
might have been subject to some resorption process com¬ 
pared with the straighter surface left of the main odontode. 
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Dentine tubercles margins are rounded, similar to the “fin¬ 
ished margins” of unresorbed odontodes in Ectosteorhachis 
(Thomson, 1975). No buried odontodes are visible. 

Thysanolepis - The scale possesses eucosmine (Fig. 4C) 
and displays the typical organisation of the cosmoid scale 
(Goodrich, 1907), composed of four different layers, from 
top to bottom: (1) enamel, (2) dentine, (3) middle vascular 
bone (vb), and (4) basal lamellar bone (lb). The enamel layer 
(e) is thin and constitutes a single layer. The absence of cel¬ 
lular processes from the underlying dentine layer confirms 
the presence of enamel, and not enameloid. The enamel layer 
does not penetrate the pore-cavities of the cosmine (pc). The 
dentine (d) also shows numerous dentinal tubules radiating 
from the pulp cavities, roughly orthogonal to the overlying 
enamel layer. The dentine layer is pervaded by vertical cavi¬ 
ties (pc) and horizontal canals (me, mesh canals) diagnostic 
of the cosmine. The vertical pore-cavities are conically flask¬ 
shaped, resembling the profile seen in other ‘osteolepiforms’ 
like Megalichthys (Fig. 2). The layer of vascular bone (vb) is 
densely vascularized, the system of canals (cc, cross canals) 
communicate vertically with the dentine canals. Basal exten¬ 
sions, as seen in other ‘osteolepiforms’ (Gross, 1956; Qu 
et al., 2016) are weakly developed, although it is not clear 
whether the cross canals of the spongiosa connect directly 
with the mesh canals and the pore cavities of the dentine or 
through the basal extensions, as in Megalichthys. The basal 
layer (lb) is only partially visible but it is clearly composed 
of parallel-fibered bone. As opposed to Lamprotolepis , the 
dorsal margin separating the spongiosa from the isopedine 
layer is straight. As in Lamprotolepis , numerous osteocyte 
lacunae are present in the vascular and lamellar bone layers. 
The vascular canals appear to be formed by primary osteons, 
no evident traces of resorption of reworking are visible. Bur¬ 
ied odontodes are absent. 

Megistolepis - The scale fragment is of typical cosmoid 
type with eucosmine, although the basal layer is not seen 
in the picture (Fig. 4D). A thin single layer of true enamel 
(e) overlays the dentine (d) and does not penetrate the pore 
cavities (pc). Although less marked than in Lamprotolepis 
and Thysanolepis , numerous dentinal tubules radiate from 
large pulp cavities of the dentine (d). As in the eucosmine 
of Thysanolepis , diagnostic flask-shaped vertical cavities 
(pc) and mesh canals (me) pervade the dentine. The vascu¬ 
lar bone (vb) of the spongiosa is densely vascularized and 
the cross canals (cc) communicate vertically with the mesh 
canals (me) of the dentine, possibly through weakly devel¬ 
oped basal extensions as in Megalichthys. Osteocyte lacunae 
occur in the spongiosa. The vascular canals (vc) are primary 
osteons, traces of resorption of reworking are lacking as well 
as buried odontodes. 

In these cross sections (Fig. 4), Thysanolepis and Megis¬ 
tolepis present the three different histological layers of the 
cosmoid scale as present in basal sarcopterygians and simi¬ 


lar to the eucosmine of ‘osteolepiforms’ (e.g. Megalichthys). 
However, the condition of Lamprotolepis is unique among 
tetrapodomorphs: the presence of tubercles made of dentine 
is similar to the holoptychiid condition (e.g. Laccognathus, 
Fig. 3B), whereas in tetrapodomorphs the ridges or tubercles 
ornamenting the dermoskeleton are known to be solely com¬ 
posed of bone (e.g. rhizodontids, tristichopterids, rhizodop- 
sids). In ‘osteolepiforms’, isolated tubercles of odontogenic 
nature have only been described in Ectosteorhachis (Thom¬ 
son, 1975); however, when present, they were overlain by 
a thin enamel layer, which is absent in Lamprotolepis. Evi¬ 
dences of resorption are scant and further histological explo¬ 
ration is needed on more completely preserved fossil materi¬ 
al of Lamprotolepis to explain this singular pattern of dermal 
ornamentation among ‘osteolepiforms’. 

Cosmine is present and well developed in the scales of 
Thysanolepis and Megistolepis , and the enamel layer does 
not penetrate the pore cavities, as in other ‘osteolepiforms’. 
However, their phylogenetic position among tetrapodo¬ 
morphs is still unresolved. Although Megistolepis has been 
assigned to the family Megalichthyidae (Young et al., 1992; 
Coates and Friedman, 2010), the position of Thysanolepis 
is more controversial. Young et al. (1992) assigned Thysa¬ 
nolepis and Vorobjevaia from the Late Devonian of Antarcti¬ 
ca to the family Thysanolepidae (Vorobyeva, 1977). Howev¬ 
er, Coates and Friedman (2010) stated that both genera were 
“probable rhizodonts” (Coates and Friedman, 2010: 402). 
Examples of previous taxonomical attributions challenged 
by subsequent studies are known among ‘osteolepiforms’ 
(e.g. the case Notorhizodon, previously assigned to the rhizo¬ 
dontids and later described as a tristichopterid) (Young et al., 
1992; Johanson and Ahlberg, 2001). A critical new approach 
to the poorly known Russian ‘osteolepiforms’ is necessary 
since it might challenge previous taxonomic attributions and 
alter character distribution among tetrapodomorphs interre¬ 
lationships. 

The case of cosmine is particularly relevant since it is 
not known in any rhizodontid, including the basalmost rep¬ 
resentative Gooloogongia (Johanson and Ahlberg, 1998). 
Rhizodontids have rounded scales ornamented by bony 
ridges, very similar to those of tristichopterids, but certain¬ 
ly acquired by convergence (Ahlberg and Johanson, 1998). 
However, the recent discovery of the problematic tetrapodo- 
morph Hongyu (Zhu et al., 2017) has highlighted the homo¬ 
plastic nature of many tetrapodomorph features. If future 
phylogenetic analyses confirm Coates and Friedman sup¬ 
position about its rhizodontid nature, Thysanolepis would 
constitute the first cosmine-covered rhizodontid, and, given 
the primitive condition of a cosmine covering in sarcoptery¬ 
gians, would probably be placed as the sister taxon of all 
other rhizodontids. It is still too soon to make such asser¬ 
tions, but a thorough revision of the Russian sarcopterygian 
faunas is greatly needed. 
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A similar case of possible taxonomic and phylogenetical 
reinterpretation concerns the ‘osteolepiform’ Glyptopomus 
from the Late Devonian of Scotland (Rosebrae Beds and 
Dura Den; Jarvik 1950), Pennsylvania (Newberry, 1889), 
and central Russia (Lebedev, 1995b). The scales of Glyp¬ 
topomus are rhombic in shape but lack cosmine. This con¬ 
dition is known in certain rhizodopsids (e.g. Rhizodopsis ) 
(Schultze and Heidtke, 1986) and Litoptychus (Denison. 
1951; Coates and Friedman, 2010). Moreover, the scales of 
Glyptopomus are ornamented by a series of bony tubercles 
and small ridges, similar to the condition of the ‘elpistoste- 
galians’ Panderichthys, Tiktaalik and Elpistostege (Schultze, 
1996; Witzmann, 2011, pers. obs.). However, the phyloge¬ 
netic position of Glyptopomus is unknown since no phylo¬ 
genetic study has yet included it in the data set. Schultze and 
Chorn (1998) suggested a close relationship with megalich- 
thyids whereas Coates and Friedman (2010) proposed that 
Glyptopomus would lie close to or within the clade compris¬ 
ing tristichopterids, ‘elpistostegalians’, and tetrapods (Fig. 
1). The absence of cosmine alone is insufficient to assign a 
position to Glyptopomus within crownward tetrapodomorphs 
since it has been lost at least in five tetrapodomorph lineages 
(e.g. rhizodontids, tristichopterids, some canowindrids and 
rhizodopsids, and ‘elpistostegalians’ + tetrapods). An almost 
identical situation was also highlighted by Coates and Fried¬ 
man (2010) for Platycephalichthys from the Late Devonian 
of Russia and Latvia (Vorobyeva, 1959, 1962), which is 
certainly a polyphyletic genus (Clement, 2002). Of the two 
species currently comprised in the genus Platycephlichthys, 
P. skuenicus might possess rounded scales (although the 
material from Skujaine is not articulated and includes both 
rhombic and rounded scales) and could belong to the tristi¬ 
chopterids, whereas P. bischoffi shows rhombic scales with¬ 
out cosmine and thus might be closer to ‘elpistostegalians’ 
(Snitting, 2008; Coates and Friedman, 2010). In any case, 
thorough studies of Glyptopomus and Platycephalichthys are 
needed. The inclusion of histological features among other 
more ‘classic’ anatomical characters could shed more light 
on the phylogenetic relationships of these two genera among 
tetrapodomorphs and bring new data on the histological and 
morphological transformations close to the emergence of 
tetrapods. 

CONCLUSION 

The evolution of the dermoskeleton in general and the 
squamation in particular in osteichthyans seems to occur on 
two levels, matching the two main portions of the scales ( i.e. 
superficial and basal). These two portions show independent 
evolutionary trends, thus suggesting separate developmental 
origins. Indeed, loss of tissues (e.g. cosmine) can occur in 
one portion of the scale without affecting the other. Moreo¬ 


ver, the weight of convergence in scale evolution in sarcop- 
terygians has been highlighted; the loss of cosmine in the 
vast majority of the Devonian groups is among these con¬ 
vergent traits. 

Cosmine certainly played an important role as a morpho- 
functional and physiological component of the dermal skel¬ 
eton. Unfortunately, given the current knowledge on der¬ 
moskeleton development in early vertebrates and the sarcop- 
terygian material at hand, it is not possible to arrive at a defi¬ 
nite answer as to how the cosmine system truly formed and 
functioned. If cosmine formation and structural arrangement 
of the different tissues composing it are seen as processes 
subject to heterochronic changes, then the different mor¬ 
phologies resulting from the break up of cosmine present in 
a variety of sarcopterygian taxa certainly represent changes 
in the timing of hard tissue and pore-canal development and 
epithelium-mesenchyme interactions. 

The overwhelming amount of data retrieved from the 
scales of fossil and extant osteichthyans enabled previous 
studies to name and characterize certain enduring histo¬ 
logical terms (e.g. cosmine for sarcopterygians, ganoine for 
actinopterygians, etc.) that have proven to be less restricted 
than previously thought but rather part of a primitive his¬ 
tological continuum. Moreover, these findings suggest that 
histological survey must also be carried out on the dermal 
bones that have been underestimated due to the more abun¬ 
dant and easily accessible scale material, which has proven 
to be more easily sectioned than “precious” dermal bone 
material (e.g. Cheirolepis in Giles et al., 2015a; Lu et al., 
2016a). Microtomographic, non-destructive studies are 
starting to fill this gap in our knowledge, biased by the more 
abundant scale data. 

Finally, scales and dermal bones should not be deemed 
as poorly informative structures in the study of early verte¬ 
brates, and particularly osteichthyans (Meunier, 2011). The 
scales of sarcopterygians have proven to possess a valid 
systematic and phylogenetic value, and their study should 
be viewed as a useful tool in future evolutionary, paleobio- 
geographic, and faunal analyses. Taxonomic determination 
should be based on the presence of different, but associated, 
scale features (e.g. external shape, ornamentation, micro¬ 
structure) rather than on unique “distinctive” characters 
(which can be regarded as strongly homoplastic) (e.g. lack 
of cosmine, rounded shape). 
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